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INTRODUCTION
In order to enhance safety margins during light water reactor (LWR) severe accidents an effort is underway to evaluate candidate accident tolerant cladding materials with the ultimate goal of replacing Zr-based alloy cladding in the core. SiC fiber reinforced SiC matrix (SiC/SiC) composites along with alumina forming ferritic alloys (FeCrAl) exhibit exceptional oxidation resistance in high-temperature steam environments [1] - [3] and therefore are two of the leading candidates to replace Zr-based alloys.
Aside from their severe accident performance that has been carried out recently in a preliminary fashion [4] - [6] , many other basic operational performance characteristics need to be evaluated to guide informed development and deployment strategies for these advanced cladding materials. Basic neutronic analyses to date have been carried out that require thin FeCrAl cladding (~350µm instead of ~600µm for Zr alloys) for sustainable fuel cycles [7] . For SiC/SiC cladding, neutronic penalty at the current cladding thickness does not prove limiting, however, behavior from a thermo-mechanical perspective needs to be better understood [8] , [9] .
In order to carry out informed thermo-mechanical analysis of either the thin metal cladding or the ceramic composite, a large set of materials properties data are necessary. Prominent amongst these are the thermal and irradiation creep rates for these materials. This is particularly important for LWR cladding since it consists of a thin tube housing a relatively large ceramic pellet. The cladding needs to exhibit a certain amount of creep so that the stresses that build up in the tube structure may be alleviated. The primary source of these stresses are the ones due to pellet-cladding mechanical interaction.
Defects that accumulate under irradiation may result in a number of macroscopic dimensional changes. These include swelling, growth, and irradiation creep among other effects [3] . Irradiation swelling strictly refers to an isotropic volume increase in an unstressed material caused by the formation of irradiationinduce defects, resulting from the agglomeration of point defects and gas atoms inside the material. Growth is defined as anisotropic deformation of the material where the volume is strictly conserved. Creep in general is defined as time-dependent deformation of materials at constant volume under deviatoric stress below the yield stress as a result of thermally activated processes. The strict definition of irradiation creep strain is the difference in plastic strain in addition ot thermal creep between two specimens under the same irradiation condition with and without stress loading. The role of irradiation is to induce or accelerate the creep deformation through various mechanisms [10] . Irradiation creep is usually athermal and has a first order dependence on dose and stress.
Zr-based alloys undergo irradiation growth as well as thermal and irradiation creep [11] , [12] while swelling in these alloys is very negligible in the absence of noble gases. Crystalline and high purity SiC undergoes substantial swelling that saturates at a relatively low dose (<1dpa) within the temperature range applicable for LWR cores [13] - [15] . Although thermal creep is negligible at T<1400°C [16] for SiC, an irradiation creep rate that decreases as swelling saturates has been previously reported for this material [17] - [19] . Swelling behavior of ferritic steels has received ample attention in the past and is known to be negligible in the dose range applicable to LWR fuel cladding [20] . Thermal creep is a strong function of alloy composition and microstructure and in case of FeCrAl alloys it has only received limited attention at high temperatures (≥500°C) [21] . Finally, irradiation creep has received some attention with rough estimates available for bcc metals in the literature [20] , [22] , [23] .
EXPERIMENT DESCRIPTION
The focus of this experiment is in-pile creep testing of wrought FeCrAl alloys and chemical vapor deposited (CVD) SiC specimens to produce reliable in-pile data on creep compliance coefficient of these materials as a function of dose at a given temperature. Only a limited temperature is probed that is directly applicable to the temperature of LWR fuel cladding under normal operating conditions. For FeCrAl alloys the test temperature was fixed at 350°C. In case of SiC, in order to exaggerate the swelling that is inversely proportional to the temperature, the test temperature was kept constant at 300°C.
The creep tests take advantage of in-pile instrumentation and control systems native to the Halden facility to collect accurate in-pile data with reliable environmental controls. Detailed description of this test rig is provided elsewhere [24] , but briefly, it utilizes adjustable mixture gas flow in annular regions of the capsule, coupled with multiple thermocouples in each capsule for precise temperature control along the length of the specimen. The stress on the creep specimens is controlled by direct gas pressure control inside a bellow attached to the creep specimen that is gripped at the other end. The creep strain is measured directly using a calibrated linear variable differential transformer (LVDT) that is in contact with the end of the specimen. Figure 1 shows a schematic of the in-pile creep test rig.
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Thermocouple, gas flow, and signal lines Throughout the experiment the total deformation strain of the material under stress in the in-pile conditions is measured. This quantity is the sum of strains due to elastic strain, thermal expansion, linear swelling, thermal creep, and irradiation creep, Eq. (1). At a constant load and temperature, two of the three parameters in the right hand side of Eq. (1) need to be known to distinguish the various terms.
TEST MATERIALS
Two SiC specimens machined from high-purity chemical vapor deposited (CVD) SiC were examined in this study. The CVD variant, of purity >99.999%, was purchased from Dow Chemical Co. (Marlborough, MA). The specimens were machined so that the uniaxial loading direction was perpendicular to CVD growth direction. The specimens were not annealed after the CVD processing step. 13 fiducial marks were etched on the gauge section of each specimen ( Figure 2 ) and their locations were recorded accurately to provide the basis for verification of in-pile strain data during the post irradiation examination (PIE).
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Fig. 2. CVD-SiC tensile bars used for in-pile swelling/creep tests.
Also, three FeCrAl specimens from two distinct alloys were examined. The FeCrAl alloys were produced at ORNL and they were designated as C35M2 and C35MN5. The composition of the alloys is provided in Table 1 . C35M2 alloy was hot-forged at 650°C with 75% area reduction (36mm diameter round bar to 16 mm square bar), followed by annealing at 650°C for 1h. Microstructure of this alloy consisted of deformed (elongated) grains. Note that the final annealing was applied to stabilize fine sub-grain (SG) structure, with ~1-5 µm size inside of the elongated grains. C35MN5 alloy was hot-extruded at 800°C with 88% area reduction (2.9" diameter to 1.0" diameter), followed by annealing at 800°C for 1h. Microstructure consists of highly deformed (elongated) grains, which shows a dense dispersion of Nb-rich second-phase precipitates ( Figure 3 ). Extensive detail on processing and properties of these alloys is provided elsewhere [25] . The exact drawings for the FeCrAl and SiC tensile specimens are provided at the end of this document as appendices. 
TEST CONDITIONS
The specimens are tested in the stress-free and stressed conditions to determine the swelling-induced deformation only, as well as the swelling and creep-induced deformations combined (as noted in Eq. (1)). Note that a small stress (~5MPa) is applied under the nominally stress-free conditions to ensure the specimen remain in good contact with the LVDT. The test conditions are described in Table 2 . Note that the stress on the SiC specimen is maintained at 100 MPa. However, the stress level on the FeCrAl specimens is varied over time to determine the creep rate as a function of stress. Also, since thermal creep may not be ignored for FeCrAl alloys, a separate series of out-of-pile creep tests at the exact temperature and stress levels are being carried out at ORNL. In this manner the magnitude of thermal creep could be determined separately. The starting stress for FeCrAl alloys was set at a high value of 325 MPa that is just below the yield stress of these alloys at 350°C (Figure 4 ). This stress is representative of a value that is expected to develop in the thin cladding under fuel pin operation, particularly upon fuel-pellet contact.
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DPA RATE DURING IN-PILE TEST
Since irradiation creep is directly proportional to the damage induced in the material as a result of neutron fluence, it is essential to perform accurate calculation of damage production rates in these materials. This is particularly important when the results from the tests in a research reactor are to be compared with results from other research reactors or applied to predict the material behavior in commercial reactors. In order to perform dpa calculations, flux spectrum (flux per unit energy, ! " [$] ) that is experienced by the specimen is necessary. The total flux, ! , is the sum of the flux in each energy group. Flux spectra for HFIR (in the flux trap target (FTT) peripheral target position (PTP) at the midplane location) and Halden (IFA-744 rig at the location of creep capsules), are shown in Figure 5 and 6, where the former is normalized per unit lethargy. The total flux for the HFIR and Halden positions is ~4.46×10 15 and ~1.20×10
14 n/cm 2 -s, respectively. However, the spectra differ significantly, as shown in Fig. 2 where fast flux is roughly two orders of magnitude larger in HFIR. The goal is to calculate the dpa (displacement per atom) rate in the materials of interest. The dpa rate can be calculated as:
where ! " is the displacement cross section. The displacement cross section for SiC [26] and pure Fe [27] are shown in Fig. 7 . Also shown is the dpa cross section for Fe-13Cr-5Al alloy, calculated simply by weighing in the mole fraction of Cr and Al in the alloy and accounting for their dpa cross section from the same reference as for pure Fe. Note that the dpa cross section for the alloy is binned differently than that of pure Fe (larger energy bins) and appears smoother than the Fe dpa cross section. The dpa rate for these materials in Halden's IFA 744 and HFIR's FTT-PTP are tabulated in Table 3 . These results were also compared with the output from the SPECTER code [28] and they were in good agreement. The reactor power and fast neutron flux (E >1 MeV) in the vicinity of creep capsules as a function of time are plotted in Figure 8 . Figure 9 shows the results from in-pile measurement of displacement in SiC specimens along with the applied stress and continuous measurement of temperature. The figure plots the high-quality displacement dataset as function of dose. A clear and significant departure in strain rate between the two samples is observed upon application of 100 MPa of stress on the creep specimen. Figure 10 compares the swelling and creep strain experienced by these specimens with discrete swelling strain data from specimens irradiated in HFIR where the two appear to be in good agreement. Fig. 9 . Temperature, stress, and displacement as a function of neutron dose applied and experienced by SiC specimens.
RESULTS
IN-PILE CREEP OF SiC
As described in Eq. (3), The difference in the instantaneous strain rate of stressed and stress-free SiC specimens, normalized per unit stress, is the instantaneous irradiation creep compliance (B) of SiC.
The irradiation creep compliance is plotted as function of neutron dose in Fig. 11 and it appears to follow logarithmic creep behavior within this dose range. It is also compared with irradiation creep compliance data from bend stress relaxation (BSR) tests in HFIR [17] , [18] . The creep compliance measured here appears significantly larger than the prior HFIR results. The reason for this difference, if indeed true, is not yet fully understood and may be attributed to any of the following items:
• Loading mode: uniaxial tension vs. bend stress relaxation • Annealing: BSR specimens were annealed at 1900°C prior to irradiation
• Dose rate: factor ~200 higher in HFIR irradiation tests • Neutron spectrum: much softer in Halden tests
Note that, as obvious from Eq. (3), the irradiation creep compliance can be defined only when the irradiation creep rate is proportional to the stress magnitude. The stress exponent was not confirmed to be unity in the present Halden experiment (in contrast to what was done previously for the HFIR BSR tests [17] ). Alas, these large difference in irradiation creep rate needs to be verified during the PIE by measurement of distance between the fiducial marks etched on the gauge section of SiC tensile bars (Figure 2 ). Until these results are verified and explained, it is recommended that the fuel modelers continue to use the correlation provided in refs. [17] , [18] . 
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OUT-OF-PILE CREEP OF FeCrAl
Out-of-pile creep tests are being performed on unirradiated FeCrAl specimens from the same exact batch of materials that are undergoing testing at Halden in irradiation creep capsules. The purpose of the out-ofpile tests is to separately determine the thermal creep rate in these alloys and to be able to distinguish all the distinct terms on the right-hand-side of Eq. (1). The tests were conducted at 350°C in an inert atmosphere on the C35M2 and C35MN5C alloys. The out-of-pile creep strain as a function of time is plotted in Figure 12 . The thermal creep rate measured here for these alloys appears to be significantly (2-3 orders of magnitude) larger than the correlation reported in ref. [21] . However the correlation in ref. [21] , written out in Eq. (4), is based on a limited set of high temperature data in that study alongside prior literature data at lower temperatures as shown in Figure 13 . The creep rate and stress are in s -1 and Pa, respectively. As noted in the figure, if the correlation is limited to data for T<600°C, a much lower activation energy is attained. The fit to low temperature data is provided in Eq. (5). , and also Zircaloy creep data from ref. [30] . As shown in the figure, experimental data agree relatively well with the low temperature correlation in Eq. (5) while Eq. (4) greatly underpredicts these data. In any case, the low temperature thermal creep correlation in Eq. (5) appears to be roughly two orders of magnitude smaller than what is experienced by Zr-based alloys. Creep Rate [h Figure 9 shows the results from in-pile measurement of displacement in FeCrAl specimens along with the exact levels of applied stress and continuous measurement of temperature. The figure plots the displacement dataset as function of dose while the creep rate as a function of time is also designated for each portion of the strain data. A clear and significant departure in strain rate between the stressed and stress-free C35M samples is observed upon application of 325 MPa of stress on one of the specimens. In fact, within the dose range experienced by the C35M alloy, no swelling strain can be discerned in the stress-free sample. This is consistent with what is expected in ferritic alloys within this dose regime and up to at least a few tens of dpa (beyond what is expected within their lifetime as LWR fuel cladding [20] . The displacement data for C35MN specimen were excluded due to faulty instrumentation during the inpile tests. Analysis of the creep strain for this specimen will be carried out during the PIE.
IN-PILE CREEP OF FeCrAl
A comparison between the in-pile and out-of-pile creep strain rate experienced by these specimens shows that very similar values are attained in both tests. This is indicative of the small relative magnitude of irradiation creep when compared with the thermal creep rate in this alloy. This is consistent with the estimates in the literature where irradiation creep in bcc metals is on the order of 0.5-5×10 -6 MPa -1 dpa -1 [20] , [22] . Within this range the displacement due to irradiation creep is <6µm; essentially undetectable in these tests. This is the case since the dose rate is very low in the Halden tests and the effort is currently focusing on introduction of booster rods to increase the fast flux in the periphery of the creep capsules. 
RECOMMENDATIONS ON SWELLING AND CREEP CORRELATION FOR FUEL PERFORMANCE MODELERS
The following are recommended to be used by fuel performance modelers tasked with analysis of FeCrAl-and SiC-based ATF cladding concepts. It should be noted that given the limited availability of experimental data, the modeling should be executed using a parametric approach. In this manner, the models better serve development activities while being able to prescribe design targets for material developers working on ATF related fuels and materials.
SiC CORRELATIONS
SiC swelling: the current data agree very well with prior observations in literature [13] - [15] . It is recommended that correlations provided in ref. [14] (Eqs. 3 and 4 in that reference) be utilized to predict swelling as a function of temperature and dose.
SiC thermal creep: a value of nil should be assigned to this parameter since it the mechanism is wholly absent at T<1400°C.
SiC irradiation creep:
Although the results in this study point to an irradiation creep compliance much larger than previously reported, they need to be verified during the PIE tests and are not yet recommended to be used for fuel performance analysis. Modelers should continue to use correlations in ref. [17] (Eq. 6 in that reference).
FeCrAl CORRELATIONS
FeCrAl swelling: Due to the very low dose rates, no discernable swelling is observed in the FeCrAl alloys in this study. This is expected and consistent with numerous prior literature such as data in ref. [20] . It is recommended that parametric swelling rates of nil and 0.05%/dpa (applicable within the LWR dose regime of <20 dpa) are used for the analysis.
FeCrAl thermal creep:
Given the limited availability of data it is recommended that Eq. (5) in this report is utilized for preliminary modeling analyses.
FeCrAl irradiation creep:
The value recommended for irradiation creep compliance of wrought FeCrAl is ~5×10 -6 MPa -1 dpa -1 . This estimate is higher than what is measured for ferritic/martensitic steels studied in ref. [20] , however, given the larger ferrite grain without a high density of boundaries or precipitates it is warranted.
SUMMARY AND OUTLOOK
A set of in-pile creep tests is ongoing in the Halden reactor on two candidate accident tolerant fuel cladding material and constituents: wrought FeCrAl alloys and CVD-SiC. These tests are meant to provide essential material property information that is needed for an informed analysis of these fuel concepts under normal operating conditions. These tests provide detailed information regarding swelling, thermal creep, and irradiation creep rates of these materials. The results to date have been compared with the limited set of information available in literature that is form irradiation tests in other reactors or outof-pile tests. Most of the results are in good agreement with prior literature, except for irradiation creep rate of SiC. To elucidate the difference between the HFIR and Halden test results continued testing and PIE is necessary. The tests describe in this progress report are ongoing and will continue for roughly 3 more months for SiC specimens and longer for FeCrAl alloys. The former are to be extracted for subsequent PIE after the completion of the next reactor cycle. 
